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ABSTRACT
We apply the weak field approximation limit of the covariant Scalar-Tensor-Vector Gravity
(STVG) theory, so-called MOdified gravity (MOG), to the dynamics of clusters of galaxies
by using only baryonic matter. The MOG effective gravitational potential in the weak field
approximation is composed of an attractive Newtonian term and a repulsive Yukawa term
with two parameters α and µ. The numerical values of these parameters have been obtained
by fitting the predicted rotation curves of galaxies to observational data, yielding the best
fit result: α = 8.89 ± 0.34 and µ = 0.042 ± 0.004 kpc−1 (Moffat & Rahvar 2013). We
extend the observational test of this theory to clusters of galaxies, using data for the ionized
gas and the temperature profile of nearby clusters obtained by the Chandra X-ray telescope.
Using the MOG virial theorem for clusters, we compare the mass profiles of clusters from
observation and theory for eleven clusters. The theoretical mass profiles for the inner parts of
clusters exceed the observational data. However, the observational data for the inner parts of
clusters (i.e., r < 0.1r500) is scattered, but at distances larger than ∼ 300 kpc, the observed
and predicted mass profiles converge. Our results indicate that MOG as a theory of modified
gravity is compatible with the observational data from the the solar system to Mega parsec
scales without invoking dark matter.
1 INTRODUCTION
Zwicky showed that there is an inconsistency between the dynam-
ical mass and the luminous mass for the Coma cluster. He postu-
lated that there must exist dark matter at the scale of clusters of
galaxies (Zwicky 1937). The observations of the rotation curves of
spiral galaxies by Rubin also indicated that galaxies need missing
mass in the context of Newtonian gravity (Rubin & Ford 1970 ).
The main paradigm to interpret missing mass in the universe is the
theory of dark matter, supposing that the unseen matter accounts
for more than 80% of the universe’s matter content. This hypothet-
ical matter is made of particles (e.g.,WIMPs) that may only interact
weakly with ordinary baryonic matter. Ongoing experiments have
been conducted to directly detect dark matter particles by sensi-
tive particle physics detectors. So far, no positive signal has been
detected (Aalseth et al. 2011; Akerib et al. 2013).
An alternative approach for solving the problem of missing
mass is to modify the law of gravity. One of the first phenomeno-
logical efforts to modify Newtonian gravity was MOdified New-
tonian Dynamics (MOND) (Milgrom 1983). This model is based
on a non-linear Poisson equation for the gravitational potential
with a characteristic acceleration a0; Newtonian gravity is modi-
fied for particles with acceleration a < a0. The model can suc-
cessfully describe the rotation curves of galaxies (Milgrom 1983),
but it fails to be consistent with the temperature and gas den-
sity profiles of clusters of galaxies without invoking dark mat-
ter (Angus et al. 2008). There are other modified gravity mod-
els such as the relativistic extension of MOND by Bekenstein
(2004), conformal gravity (Mannheim & Kazanas 1989) and non-
local gravity (Mashhoon 2007 ; Hehl & Mashhoon 2009).
We attempt in the following to test observationally a
covariant MOdified Gravity (MOG) theory, also called Scalar–
Tensor–Vector Gravity (STVG) at the scale of clusters of galax-
ies (Moffat 2006; Moffat & Toth 2008; Moffat & Toth 2009;
Moffat & Toth 2013; Brownstein & Moffat 2006;
Brownstein & Moffat 2006; Brownstein 2009). In this theory,
the dynamics of a test particle are given by a modified equation of
motion where, in addition to the conventional geodesic motion of
a particle, a massive vector field couples to the fifth force charge
of a particle. The fifth force charge of a particle is proportional
to the inertial mass of the particle. We have shown that in the
weak field approximation the potential for a matter distribution
of an extended object behaves like the Newtonian potential with
an enhanced gravitational constant and an additional Yukawa po-
tential (Moffat & Rahvar 2013). We applied the effective potential
in the weak field approximation to the study of the dynamics of
galaxies and demonstrated that MOG can successfully explain the
rotation curves of galaxies without the need for dark matter. We
fixed the two free parameters of the potential and chose the stellar
mass-to-light ratio as the only free parameter in calculating the
dynamics of the galaxies.
We extend in the following the observational tests in Moffat
& Rahvar (2013) to one order of magnitude larger system scale.
We use the observational data of relaxed clusters of galaxies in
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the Chandra X-ray sample for this purpose. For a set of clusters
of galaxies, we have the temperature profile as well as the plasma
gas and galaxy distribution. These observables are sufficient to cal-
culate the dynamical mass and compare it to the baryonic mass of
clusters. In section (2), we briefly introduce the STVG theory and
review the weak field approximation limit. In section (3), we ob-
tain a full relativistic version of the Boltzmann equation in MOG.
Furthermore, we derive the virial equation in the weak field approx-
imation. In section (4), the observational data from the Chandra X-
ray sample of clusters are examined in conjunction with the MOG
and finally in (5), we provide a summary and conclusions.
2 SCALAR-TENSOR-VECTOR GRAVITY (STVG):
WEAK FIELD APPROXIMATION
The STVG theory is a covariant theory of gravity. The ac-
tion of STVG is composed of scalar, tensor and vector
fields (Moffat 2006):
S = SG + Sφ + SS + SM . (1)
The components of the action are (i) the Einstein gravity action:
SG = − 1
16π
∫
1
G
(R + 2Λ)
√−g d4x, (2)
where Λ is the cosmological constant, (ii) the massive vector field
φµ action:
Sφ = − 1
4π
ω
∫ [
1
4
BµνBµν − 1
2
µ2φµφ
µ
+ Vφ(φµφ
µ)
]√−g d4x, (3)
where φµ is the vector field and Bµν = ∂µφν − ∂νφµ, (iii) the
action for the scalar G and µ fields is:
SS = −
∫
1
G
[
1
2
gαβ
(
∇αG∇βG
G2
+
∇αµ∇βµ
µ2
)
+
VG(G)
G2
+
Vµ(µ)
µ2
]√−g d4x, (4)
where ∇µ denotes the covariant derivative with respect to the
metric gµν . ω denotes a dimensionless coupling constant and
Vφ(φµφ
µ), V (G) and V (µ) denote self-interaction potentials of µ
and G fields. While in the generic formalism of MOG, G and µ are
taken into account as scalar fields, for simplicity we keep these two
fields as constant parameters. Finally, (iv) SM is the matter action.
The action for pressureless dust coupled to the vector field φµ
is given by
SM =
∫
(−ρ
√
uµuµ − ωQ5uµφµ)
√−gdx4, (5)
where the density of the fifth force charge Q5 is related to the den-
sity of matter by Q5 = κρ where κ is a constant. For a test particle
with the density ρ(x) = mδ3(x) and a fifth force charge q5 = κm,
a variation of the action in Eq. (5) with respect to the comoving time
τ , yields the equation of motion:
duµ
dτ
+ Γµαβu
αuβ = ωκBµαu
α, (6)
where the right-hand side is a Lorentz-type force. Since the fifth
force charge is proportional to the inertial mass, the equation of mo-
tion is independent of the mass. The main difference of the Lorentz-
type force with standard electromagnetism is the same sign for the
charge of particles, unlike the normal electromagnetic force where
there are opposite sign particles (results in a neutral medium for an
ensemble of particles in a plasma). A physical consequence of the
same sign charged particles is a repulsive force produced by an en-
semble of particles. Since the vector field in MOG is massive, after
a characteristic range of the field given by l = 1/µ, the effect of
the repulsive force vanishes and Eq. (6) reduces to the pure metric
field geodesic equation of motion.
2.1 Weak Field Approximation
For the astrophysical application of MOG, we need the weak field
approximation of the theory. We briefly review in this section the
formalism of the weak field approximation. A detailed derivation
of this limit for extended distributions of matter was presented in
Moffat & Rahvar (2013).
For a slow moving particle, we expand the metric around
Minkowski space:
gµν = ηµν + hµν . (7)
The left-hand side of Eq. (6) can be written in terms of h00, while
on the right-hand side we can ignore the magnetic-like force com-
pared to the electric-like force due to the slow motion of the parti-
cle. Eq. (6) can now be written as
x¨i = −∂i
(
−1
2
h00 − ωκφ0
)
, (8)
where i = 1, 2, 3 and we define the effective potential as
Φeff = −1
2
h00 − ωκφ0. (9)
We substitute in the right-hand side of (8) the solutions for h00
and φ0 from the field equations. For the tensor component, ΦN =
− 1
2
h00 where ∇2ΦN = 4πGρ, and the zero component of the
vector field φ0 satisfies the Yukawa equation:
∇2φ0 − µ2φ0 = −4π
ω
J0, (10)
where J0 = Q5 is the zero component of four dimensional cur-
rent as the source of vector field and relates to density of mat-
ter as Q5 = κρ. Substituting the solution of the Poisson equa-
tion and the solution of φ0 from the Yukawa equation into (8)
and taking into account the asymptotic solutions of effective poten-
tial at smaller distances (i.e. r ≪ µ−1) to the Newtonian gravity
(Moffat & Rahvar 2013), we obtain the following effective poten-
tial in the weak field approximation:
Φeff (~x) = −GN (1 + α)
∫
ρ(~x′)
|~x− ~x′|d
3x′
+ GNα
∫
ρ(~x′)
|~x− ~x′| e
−µ|~x−~x′|d3x′, (11)
where G has been replaced by G = GN (1 + α), α is a dimen-
sionless parameter, GN is the Newtonian gravitational constant and
µ is the mass of the vector field. We have used this effective po-
tential in Moffat & Rahvar (2013) and successfully fitted the rota-
tion curves of galaxies, yielding the best values of the parameters:
α = 8.89 ± 0.34 and µ = 0.042 ± 0.004 kpc−1.
The first term on the right-hand side of Eq. (11) is the poten-
tial of the Newtonian attractive force with the effective gravitational
constant G = GN (1 + α) and the second term results from the re-
pulsive vector force. For scales much larger than µ−1, the Yukawa
term is suppressed and the gravitational potential is enhanced by
c© 0000 RAS, MNRAS 000, 000–000
Testing MOG with Chandra X-ray Clusters 3
factor of 1 + α compared to the Newtonian potential. On the other
hand, for smaller scales the repulsive force cancels the enhanced
attractive force and the result is the standard Newtonian potential
at solar system scales.
3 BOLTZMANN EQUATION IN MOG
In this section we derive the full relativistic version of the Boltz-
mann equation in MOG and for the astrophysical applications, we
calculate the Boltzmann equation in the weak field approximation.
The result will be used in studying the dynamics of X-ray clusters
of galaxies.
For an ensemble of collisionless particles moving due to their
self-gravity, the number of particles inside a differential element in
the phase-space does not change and Df/dτ = 0. This equation
can be written as a sum of partial derivatives in terms of time, space
and momentum. Since in momentum space, we have the constraint
pµpµ = m
2
, there are three degrees of freedom for pµ and we keep
only the spatial components of the momentum space in our calcu-
lation (Lindquist 1966). The Boltzmann equation can be written as
x˙µ
∂f
∂xµ
+
dpi
dτ
∂f
∂pi
= 0. (12)
We can write (6) in terms of the momentum of a particle:
dpi
dτ
= − 1
m
Γiµνp
µpν + κωBiµp
µ. (13)
By substituting (13) into (12), we obtain the Boltzmann equation in
curved space with the extra vector field as follows:
pµ
[
∂
∂xµ
− (Γiµνpν − κωmBiµ) ∂
∂pi
]
f = 0. (14)
In order to have a relativistic Euler equation, we multiply the
Boltzmann equation by the spatial component of four-momentum,
pj , and integrate over momentum space:∫
pµpj
∂f
∂xµ
dVp−
∫
pµpj(p
νΓiµν−κωmBiµ) ∂f
∂pi
dVp = 0, (15)
where dVp is the differential volume in momentum space. In the
first term, the space-time partial derivative can be moved outside
the integral, and in the second term the Christoffel symbol and the
vector field strength can also be moved outside the integral. Inte-
grating over momentum space gives the result:
∂
∂t
(ρp0pj) +
∂
∂xi
(ρpipj) + δijΓ
i
µνρpµpν
+ 2Γiiµρpµpj − δijκωmρBiµpµ = 0, (16)
where the bar sign denotes the average value over momentum
space. For simplicity we rewrite the relativistic Euler equation in
terms of the four velocity uµ:
∂
∂t
(ρgjβu0uβ) +
∂
∂xi
(ρuiuj) + δijΓ
i
µνρuµuν
+ 2Γiiµρuµuj − κωρδijBiµuµ = 0. (17)
Now we multiply this equation by xk and integrate over the 3-space
volume and calculate this expression term by term. Using the defi-
nition of the inertia tensor:
Ijk =
1
2
∫
ρxjxkdV, (18)
the first term of (17) can be written in terms of partial time deriva-
tives of Iij and for the static and stationary systems it is zero. The
second term represents the energy- momentum term which can be
written as (Binney & Tremaine 2008):∫
∂
∂xi
(ρuiuj)x
kdV = −
∫
ρujukdV = −2Kjk. (19)
For simplicity, we can split the kinetic tensor into the energy-
momentum tensor from the bulk velocity and the internal energy
from the dispersion velocity, yielding the result:
Kj
k = Tj
k +
1
2
Πj
k, (20)
where
Tj
k =
1
2
∫
ρuj ukdV (21)
and where
Πj
k =
∫
ρσj
kdV, (22)
is the dispersion tensor with σjk = δujδuk. The integrations of
the third, fourth and fifth terms in Eq. (17) contain kinetic energy
contributions. The Newtonian gravitational part of the integrations
can be interpreted as the gravitational potential of the system. We
assign the last three terms of Eq. (17) to the potential energy tensor:
Wj
k = −
∫
(δijΓ
i
µνuµuν+2Γ
i
iµuµuj−κωδijBiµuµ)ρxkdV.(23)
Combining all the integration terms, the conservation of the energy-
momentum fluid can be written as
1
2
d2Ii
j
dτ 2
= 2Ti
j +Πi
j +Wi
j . (24)
For astrophysical systems such as globular clusters, elliptical galax-
ies and clusters of galaxies, the morphology of the systems do not
change in time, in other words, these systems have been virialized
and do not interact with other systems. We set the left-hand side
of (24) to zero for this case. By choosing the center-of-mass of the
system as the center of the coordinate system, the global velocity
cancels and T ij = 0, whereby the energy-momentum equation
simplifies to the so-called virial equation:
Πi
j +Wi
j = 0. (25)
In the next section, we will use the Boltzmann equation in MOG
for studying clusters of galaxies. While here we derived a generic
Euler equation and virial condition in MOG, we will use just the
equilibrium condition for studying the clusters.
3.1 Equilibrium condition for Spherically Symmetric
Systems: Weak Field Approximation
In this section, we study the Boltzmann equation for spherically
symmetric systems in the weak field approximation. In order to
calculate the Euler equation for a spherically symmetric system,
we start with Eq. (17). Let us choose j = r and assume that f is
a function of radial distance r, radial particle velocity ur and tan-
gential particle velocity, ut =
√
u2θ + u
2
φ. For a virialized system,
the shape of the system does not change in time and terms with par-
tial derivatives with respect to time vanish. Then the Jeans equation
simplifies to
∂
∂r
(ρurur) + Γrµνρuµuν + 2Γ
i
irρσ
2
r − κωδriBi0ρu0 = 0. (26)
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By assuming a spherically symmetric metric for this structure,
ds2 = B(r)dt2 − A(r)dr2 − r2(dθ2 + sin θ2dφ2), (27)
we can choose B(r) = A−1(r) and assuming a perturbation
B(r) = 1 + h00 and the definition Br0 = ∂rφ0 − ∂0φr , the
Jeans equation in the weak field approximation can be written as
∂r(ρσ
2
r) +
ρ
r
[
2σ2r − (σ2φ + σ2θ)
]
= −ρ∂rφeff (r). (28)
For an isotropic distribution ρ = ρ(r) due to rotational sym-
metry there is no preferred transverse direction i.e., σ2φ = σ2θ . We
can still have a degree of anisotropy in the velocity distribution at
each point given by β = 1 − σ2θ/σ2r , and then the Jeans equation
can be written as
σ2r
r
[
d ln ρ(r)
d ln r
+
d ln σ2r
d ln r
+ 2β(r)
]
= g(r), (29)
where the acceleration at the right hand side, using g(r) =
−∇Φeff (r), is given by
g(r) = −GN
∫
ρ(r′)(r− r′)
|r− r′|3 [1+α−αe
−µ|r−r′ |(1+µ|r−r′|)]d3r′,
where for the scales |r − r′| ≪ µ−1, the exponential term ap-
proaches to one and by canceling the last two terms in the inte-
grand, the gravitational acceleration reduces to Newtonian gravity.
On the other hand, for the case that |r−r′| ≫ µ−1, the exponential
term approaches to zero and we get Newtonian gravity with an en-
hanced gravitational constant (1+ α)GN . In what follows, we can
set β = 0 in Eq. (29) for the isotropic distribution of the velocity.
4 X-RAY CHANDRA CLUSTER DATA
We now apply Eq. (29) for the spherically symmetric X-ray clusters
of galaxies. For these systems, we have two observables: (i) the ion-
ized gas profile ρg(r) and (ii) the temperature profile T (r) where
both functions are determined from the center of a cluster. We can
relate the temperature and gas profile to the dispersion velocity of
gas and Eq. (29) can be written as (Sarazin 1988):
kBT (r)
µpmpr
(
d ln ρg(r)
d ln r
+
d lnT (r)
d ln r
)
= g(r), (30)
where kBT (r) = µpmpσ2r , kB is Boltzmann’s constant, mp de-
notes the mass of the proton and µp = 0.6 represents the average
value for baryonic mass. The left-hand side of equation (30) is de-
termined by observational data, which has to be consistent with the
acceleration determined on the right-hand side by the distribution
of matter. In Newtonian gravity without dark matter, the left-hand
side is one order of magnitude larger than the right-hand side and in
order to have a consistent equation, dark matter needs to be added
to the gravitating component of the cluster (Vikhlinin et. al. 2006).
In the following, we use the gas density and temperature pro-
files of clusters and compute the left-hand side of equation (30)
from the observational data (Vikhlinin et. al. 2006).
4.1 Gas-density profile
In clusters of galaxies the temperature of the gas is of order keV.
For this temperature the gas is fully ionized and the hot plasma is
mainly emitted by the free-free radiation (bremsstrahlung) process.
There is also line emission by the ionized heavy elements. The ra-
diation process generated by these two mechanisms is proportional
to nenp, namely, the number density of free electrons times the
number density of protons.
The standard result for the distribution of a gas plasma in a
cluster of galaxies is called the β-model. The three-dimensional
density is given by (Cavaliere & Fusco-Femiano 1978):
nenp =
n20
(1 + r2/r2c )3β
′
. (31)
We will use the density profile for the sample of clusters by mod-
ifying equation (31) in such a way that (i) it has a cusp at the
center, (ii) at large radii X-ray brightness is steeper than the β-
model, (iii) adding the second β-model component with smaller
core which produces more freedom near the center of the cluster
(Vikhlinin et. al. 2006). We obtain
nenp =
(r/rc)
−α′
(1 + r2/r2c )3β
′−α′/2
n20
(1 + rγ/rγs )ǫ/γ
+
n202
(1 + r2/r2c2)
3β2
. (32)
By considering the primordial abundance of He and the rela-
tive metallicity compared to the sun, Z = 0.2Z⊙ , we obtain for the
baryonic density of the cosmic plasma gas:
ρg(r) = 1.24mp
√
ne(r)np(r). (33)
Table (1) represents the best fit to the density function in
Eq. (32) for 11 clusters of galaxies in the Chandra cata-
log (Vikhlinin et. al. 2006).
For the stellar component of clusters, we use the empirical re-
lation between the stellar and the Newtonian mass (Lin et al 2012;
Sanderson et al. 2013):
M⋆
1012M⊙
= (1.8± 0.1)
(
M500
1014M⊙
)0.71±0.04
, (34)
where M500 is the mass of a cluster in the dark matter scenario.
4.2 Temperature profile
The observed temperature profile is similar to the density profile in
a two-dimensional projection of a physical three-dimensional dis-
tribution of temperature (Vikhlinin et. al. 2006). Since the plasma
in the cluster can be divided into two regions, the cooling zone at
the center and the outer part of the cluster, the temperature profile
for these two regions can be given by two different functions. For
the outside of the central cooling zone, the temperature is given by:
Tout(r) =
(r/rt)
−a[
1 + ( r
rt
)b)
]c/b . (35)
At the center of the cluster the temperature declines due to cooling
in this region and it is given by (Allen et al. 2008):
Tin(r) =
(
x+ Tmin/T0
)
x+ 1
, x =
(
r
rcool
)acool
. (36)
The overall three-dimensional temperature profile of the cluster is
the multiplication of these two temperature functions:
T3D(r) = T0Tin(r)Tout(r). (37)
Table (2) represents the best fit to the temperature profile of clus-
ters.
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Table 1. Sample of 11 clusters of galaxies observed by the Chandra telescope. We adapt this table from (Vikhlinin et. al. 2006). The first column is the name of
the cluster, the second column is the radius of the cluster with the cluster density 500 times larger than the background. The other columns give the parameters
of the density profile in Eq. (32).
Cluster r500 n0 rc rs α′ β′ ε n02 rc2 β2
(kpc) 10−3 cm−3 (kpc) (kpc) 10−1 cm−3
A133 . 1007 ± 41 4.705 94.6 1239.9 0.916 0.526 4.943 0.247 75.83 3.607
A262 . 650 ± 21 2.278 70.7 365.6 1.712 0.345 1.760 – – –
A383 . 944 ± 32 7.226 112.1 408.7 2.013 0.577 0.767 0.002 11.54 1.000
A478 . 1337 ± 58 10.170 155.5 2928.9 1.254 0.704 5.000 0.762 23.84 1.000
A907 . 1096 ± 30 6.257 136.9 1887.1 1.554 0.594 4.986 – – –
A1413 1299 ± 43 5.239 195.0 2153.7 1.247 0.661 5.000 – – –
A1795 1235 ± 36 31.175 38.2 682.5 0.195 0.491 2.606 5.695 3.00 1.000
A1991 732 ± 33 6.405 59.9 1064.7 1.735 0.515 5.000 0.007 5.00 0.517
A2029 1362 ± 43 15.721 84.2 908.9 1.164 0.545 1.669 3.510 5.00 1.000
A2390 1416 ± 48 3.605 308.2 1200.0 1.891 0.658 0.563 – – –
MKW4 634 ± 28 0.196 578.5 595.1 1.895 1.119 1.602 0.108 30.11 1.971
Table 2. Sample of 11 clusters of galaxies observed by the Chandra telescope (Vikhlinin et. al. 2006). The first column is the name of the cluster and the other
columns are the parameters of the temperature profile in Eq. (37).
Cluster T0 rt a b c Tmin/T0 rcool acool
(Kev) (Mpc) (kpc)
A133 . 3.61 1.42 0.12 5.00 10.0 0.27 57 3.88
A262 . 2.42 0.35 -0.02 5.00 1.1 0.64 19 5.25
A383 . 8.78 3.03 -0.14 1.44 8.0 0.75 81 6.17
A478 . 11.06 0.27 0.02 5.00 0.4 0.38 129 1.60
A907 . 10.19 0.24 0.16 5.00 0.4 0.32 208 1.48
A1413 7.58 1.84 0.08 4.68 10.0 0.23 30 0.75
A1795 9.68 0.55 0.00 1.63 0.9 0.10 77 1.03
A1991 2.83 0.86 0.04 2.87 4.7 0.48 42 2.12
A2029 16.19 3.04 -0.03 1.57 5.9 0.10 93 0.48
A2390 19.34 2.46 -0.10 5.00 10.0 0.12 214 0.08
MKW4 2.26 0.10 -0.07 5.00 0.5 0.85 16 9.62
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Figure 1. Upper panel: Comparing the acceleration of a test mass particle
in the cluster of galaxies as a function of distance from the center of the
cluster, using equation (11) for two cases of numerical integration taking
into account the attractive and repulsive forces (red thin line) and ignoring
the repulsive force at the large scales (thick black line). The lower panel
represents the relative difference between the two calculations.
4.3 Virial Theorem and X-ray Clusters
We use the observed density of gas and temperature profiles in Eq.
(33) and (37) with the corresponding parameters for each cluster to
calculate the left-hand side of equation (30). On the other hand, on
the right-hand side of this equation, we can use the baryonic matter
of a cluster composed of plasma gas and galaxies to calculate the
acceleration of a test mass particle. For a cluster or any complicated
structure, the acceleration of a test particle with the MOG effective
potential in Eq. (11) can be obtained by numerical integration.
Here, for a spherical symmetric structure with scales of the
order of ℓcl ∼ 1 Mpc, we can simplify our numerical calculation,
noting that the length corresponding to the mass of the vector field,
µ−1 ≃ 24 kpc, is much smaller than the size of a cluster. For these
structures, the gradient of the density inside the cluster within the
length scale of µ−1 ≃ 24 kpc is negligible and we can ignore
the gravitational acceleration exerted on a test particle by the fluid
surrounding it within this radius. Hence, the second term of Eq.
(11) for a cluster-size structure is negligible. We have numerically
checked this simplification by comparing the overall effective grav-
itational acceleration with the simplified relation of keeping only
the first term of equation (11). Figure (1) compares the relative ac-
celeration on a test mass particle with and without considering the
Yukawa term. Since the measurements of central parts of clusters
in the Chandra observations are not accurate enough and the data
is scattered (Vikhlinin 2013), using the simplified formula for the
acceleration at the outer radii of the clusters (i.e. r > 100 kpc) and
ignoring the Yukawa term is considered to be valid.
Using Gauss’s theorem for a spherically symmetric system
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Figure 2. The black solid lines represent the dynamical mass in MOG with the uncertainty resulting from the error bar in the value of α = 8.89 ±
0.34 (Moffat & Rahvar 2013). The red line represents the baryonic mass including the mass of the gas and the mass of the stars in the cluster. The error bars
represent uncertainty in the measurements of the mass of the clusters (Vikhlinin et. al. 2006).
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Figure 2. .... continued
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Table 3. The overall dynamical mass in MOG versus the observed baryonic mass of clusters. The columns describe: (1) the name of the cluster from the
Chandra catalog (Vikhlinin et. al. 2006), (2) the mass of the gas from integrating over the density of the gas up to the detected radius, (3) the empirical mass of
stars from equation (34), (4) the overall baryonic mass (the error bars are adopted from the direct observations, (Vikhlinin et. al. 2006)) and, (5) the dynamical
mass inferred from Eq. (38). The error bars adapted from upper and lower values of α from (Moffat & Rahvar 2013).
Cluster (1) Mgas(2) Mstars(3) Mbaryonic(4) Mdyn(5)
×1013M⊙ ×1013M⊙ ×1013M⊙ ×1013M⊙
A133 . . . . 2.61± 0.54 0.408 3.02± 0.54 4.12+0.15−0.14
A262 . . . . 0.92± 0.16 0.13 1.05± 0.16 1.35+0.05−0.05
A383 . . . . 3.72± 0.59 0.398 4.12± 0.59 4.19+0.15−0.14
A478 . . . . 9.06± 2.04 0.765 9.82± 2.04 7.71+0.28−0.25
A907 . . . . 5.46± 0.72 0.528 5.99± 0.72 5.09+0.13−0.17
A1413 . . . 7.86± 1.34 0.527 8.39± 1.34 9.30+0.33−0.37
A1795 . . . 6.18± 0.90 0.644 6.83± 0.90 7.08+0.26−0.23
A1991 . . . 1.25± 0.27 0.208 1.45± 0.27 1.57+0.06−0.05
A2029 . . . 9.47± 1.46 0.788 10.26 ± 1.46 10.69+0.38−0.35
A2390 . . . 15.03± 2.46 0.787 15.82 ± 2.46 13.78+0.49−0.46
MKW4 . . 0.47± 0.08 0.149 0.62± 0.08 0.76+0.03−0.03
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Figure 3. Comparison of the dynamical mass in MOG versus the baryonic mass for the sample of clusters in Table (3). The baryonic mass is composed of
gas and stars. The filled circles indicate the corresponding masses up to r500 with the corresponding error bars. The solid line shows the best fit to the linear
relation Mdyn = βclMbar between the two masses with the best value of β = 0.99. The likelihood function for this fit is given at the right panel.
with a 1/r potential, the dynamical mass from Eq. (30) can be writ-
ten as
Mdyn(r) = −3.68×1010 rT (r)
1 + α
(
d ln ρg(r)
d ln r
+
d lnT (r)
d ln r
)
, (38)
where Mdyn is given in terms of solar mass, r is the distance from
the center of the cluster in kpc, T (r) is the temperature of the
gas in keV. We use the value α = 8.89 ± 0.34 which has been
universally fixed by the fits to the rotation curve data of galax-
ies (Moffat & Rahvar 2013).
In Figure (2), we compare the profile of dynamical mass
Mdyn(r) as a function of distance from the center of the cluster
with the baryonic mass of clusters composed of the mass of gas plus
the mass contribution from stars, Mbar(r) = Mgas(r) +M⋆(r).
The overall dynamical and baryonic masses at the distance r500 are
given in Table (3). The error bar associated to the mass of baryonic
component is adapted from Vikhlinin et al (2006) where they re-
ported the fraction of baryonic mass to the overall mass in the Dark
matter scenario. Assuming the error bar corresponds to this frac-
tional mass as a constant value throughout the cluster, we calculate
the error bar of the baryonic mass being proportional to the mass.
We plot the error bars for the baryonic matter of clusters as a func-
tion of distance from the center of the cluster and with the cadence
of 0.1 Mpc separation.
For some of clusters as CGA262 and CGA1991 there is an
offset between the observation and theoretical mass profiles with
about 1σ deviation. For the rest of the clusters there is consistency
between the theoretical and observational mass profiles, except for
the central regions of clusters. We note that observational data at
the central parts of clusters is poor. Moreover, this part might not
completely virialized due to cooling flow. For most of the clus-
ters at scales larger than 300 kpc, the theoretical profiles are in
good agreement with the observational data. From the mass pro-
files in Figure (2), the outer regions of clusters at r > 300 kpc
contain almost 90% of the mass of the clusters and for these re-
gions the MOG theory prediction follows the observational data.
For the overall mass of the clusters at r500, we compare the mass
profiles for the data and theory. The error bar associated with the
c© 0000 RAS, MNRAS 000, 000–000
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observed mass is obtained from the uncertainty in the observational
data, while for the theoretical profile, we obtain the upper and lower
values for the mass resulting from the uncertainties in µ and α, re-
ported in (Moffat & Rahvar 2013). Figure (3) compares the overall
theoretical baryonic mass of clusters with the observational data.
5 CONCLUSIONS
Following our previous paper (Moffat & Rahvar 2013), in this
work we have investigated further the weak field approximation
of STVG to test the dynamics of clusters of galaxies. The theory of
gravity in the weak field regime is composed of an enhanced New-
tonian gravity term with the gravitational constant G ≃ 10GN and
a Yukawa repulsive term with the mass µ−1 ≃ 24 kpc. At the
smaller scales compared to µ−1, e.g., solar system scales, standard
Newtonian gravity can be recovered. On the other hand, at larger
scales we get Newtonian gravity with a stronger effective gravita-
tional constant. Our analysis of a sample of galaxies in the previ-
ous work showed that with the fixed universal parameters α and µ
in the effective gravitational potential (Moffat & Rahvar 2013), we
can successfully describe the dynamics of a large set of galaxies
with only their baryonic matter content.
In order to test this universality, we have analyzed a sample
of nearby Chandra X-ray data in which the gas density profiles and
the temperatures have been measured (Vikhlinin et. al. 2006). Our
analysis shows that, using the universal values for the parameters
α and µ in the effective MOG potential, we get consistent mass
profiles and overall values for the dynamical and baryonic mass of
clusters, except for the central parts of clusters where the obser-
vational data is scattered. These results along with the analyses of
the rotation curves of galaxies demonstrate that with a unique weak
field MOG effective potential, we can describe the dynamics of as-
trophysical systems from the solar system to ∼Mpc scale systems
without exotic dark matter.
Finally, we outline further questions in MOG yet to be an-
swered, (i) large scale structure formation in the universe. The
structure formation growth has to be described by MOG without
using dark a matter component and using CMB boundary condi-
tions, (ii) interpretation of observational data of gravitational lens-
ing at large scales, especially the case of the asymmetric Bullet
Cluster without invoking dark matter for the lensing system. A pre-
vious published investigation of the Bullet Cluster using a version
of MOG (Brownstein & Moffat 2006; Brownstein 2009), showed
compatibility between the predictions of MOG and the available
data at the time. However, this work was based on a spherically
symmetric point-like solution of the field equations, which has to
be extended to continuous matter distributions using the methods
of the present paper.
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